During the last years, the growing awareness about the impacts of climate change lead to an increase in the importance of the efficiency over other criteria in the design of internal combustion engines. In this framework, the heat transfer to the combustion chamber walls can be considered as one of the main sources of indicated efficiency diminution. Hence, the main objective of this research is to thoroughly assess the effect of the swirl ratio on the heat rejection to the chamber walls, and thus on the efficiency, of a fully instrumented four-cylinder direct-injection diesel engine with variable swirl ratio (covering the range from 1.4 to 3). The analysis, based on the engine global energy balance, includes a combination of theoretical and experimental tools such as thermal flow measurement and dedicated thermocouples in the cylinder head and liner. Considering the results, it is shown that an increase in swirl ratio leads to a heat transfer enhancement, along with important changes on the combustion development. As a result of the combination of these two effects, it is shown that intermediate swirl ratios can slightly improve engine efficiency at low load, while increasing swirl worsens the combustion process and efficiency at high load. However, convective heat transfer increases about 3% of the fuel energy in the chamber when swirl ratio increases from 1.4 to 3. The heat rejection characterization is completed with the analysis of the wall temperatures. Despite the observed trends, heat transfer does not seem to be the only key issue for explaining the indicated and brake efficiencies, thus the pumping work plays an important role due to the effect of reducing the intake section to generate the swirl motion.
Introduction
Concerns about the efficient use of the available energy resources have been a major issue for a long time, acquiring a central role after the energy crisis of the 1970s. Along with this motivation which led to great instability in the energy supply and a high increase in fuel prices, new ones have appeared in recent years. Nowadays, environmental concerns are widespread mainly due to two types of environmental problems arising from intensive use of fossil fuels: global-scale effects (i.e. climate change) and local-scale effects (i.e. poor air quality in cities). The combination of these aspects leads to scenarios with increasingly high fuel prices and stricter rules for its use, which directly affects the automotive industry. As the internal combustion engines dominate the automotive market, the efforts to raise their efficiency have been continuous. The research goes from the studies on new fuels 1 to improvements on engine subsystems such as new injection strategies, 2,3 improvements in turbocharger models, 4 new combustion modes, 5 and new thermal management strategies. 6 Most of the research in these engines is related to the understanding of the processes inside the combustion chamber, 7 the air motion in the chamber being one of the most important since it is a key issue to improve the air-fuel mixing process and achieve faster burning rates. This is one of the reasons why modern diesel engines are designed to generate vorticity in the chamber (swirl motion) that leads to enhanced turbulence during the combustion development, thus affecting emissions and consumption. However, this air motion leads to higher heat transfer (HT) between the gas and the surrounding walls, leading to a decrease in the efficiency and, therefore, to a higher fuel consumption. Besides, these mentioned effects depend on other engine parameters such as load, which makes it difficult to obtain the best trade-off between air motion and fuel consumption.
There are several experimental and modeling studies which try to explain the main effects of this air motion due to swirl on combustion processes in diesel engines, but none of the studies try to solve this problem from a wider point of view. They usually focus on the study of the air motion and its effect on the combustion process but not on the effect on other key issues such as HT, efficiency, or global energy balance (GEB).
In this article, the effect of swirl ratio (SR) on different engine parameters (from a general point of view up to more specific ones) is analyzed in a comprehensive way. In this way, not only the effect on fuel consumption is given but also the effect on the GEB, that is, how the fuel energy is divided; on brake and indicated efficiencies; on the rate of heat release (RoHR); and on HT.
Methodology
The objective of this work is the assessment of the swirl effect on heat rejection to the chamber walls and hence on engine efficiency, by means of the theoretical and experimental analyses of the GEB. The methodology followed is summarized in Figure 1 . The work was structured in three main parts, as explained in the following:
A calibration of different models to reproduce internal subsystems was initially performed. It includes HT (convective model and a lumped conductance model) and mechanical losses model, along with some engine uncertainties. This was done using data from both motoring and combustion tests, using as the main input the information of in-cylinder pressure, experimental wall temperature measurements, some fluid (coolant and oil) temperatures, and mass flows (for the sake of brevity, the details have been omitted). Once the models were tuned, the experimental swirl sweep studies were carried out, in the installation described below, at two operating points with different loads at 2000 rev/min. For each operating point, the tuned models were used to calculate the different energy terms of the internal energy balance, in which the in-cylinder pressure was the main input to calculate the gas evolution, used by the HT models to obtain the heat flow and the wall temperatures, along with the split of mechanical losses. Finally, the information of the experimental HT obtained from the fluid flows and temperatures was used to complete the analysis from the external approach, thus validating the internal prediction done with the models.
As a result, a complete description of the effect of SR on the efficiency and the energy split was carried out, taking into account all the relevant energy transformations and thermal processes in a direct-injection (DI) diesel engine.
Models and uncertainties calibration
An initial adjustment was carried out to ensure the accurate estimation of the HT to different engine parts, where special attention was paid to the heat rejection in the combustion chamber. Thus, tests in motored conditions were used to adjust some uncertainties (real compression ratio, top dead center (TDC) position, and the constant of a deformation model) along with the constants of the Woschni-like equation velocity terms, C W1 and C W2 . The tuning process is based on the application of the first law of thermodynamics to obtain the RoHR residuals (they should be zero because no fuel is injected). More details of the process can be found in Benajes et al. 8 The geometry of the lumped conductance model nodes 9 was adjusted to fit the real engine geometry and to facilitate the comparison between experimental and modeled node temperatures. The lumped model is included in CALMEC, an in-house developed zerodimensional (0D) combustion diagnosis tool briefly described in section ''0D model thermodynamic model (CALMEC).'' The experimental temperatures obtained with the thermocouples were used to validate the results provided by the lumped conductance model, obtaining an average error of about 5°C and a maximum error of lower than 10°C in most cases. The mechanical loss model 10 was adjusted using experimental measurements of indicated and brake power.
GEB
For the external approach, the engine was considered as a black box with some energy flows entering and some others leaving it. Since these flows are external, they can be directly measured and used for the validation and completion of the internal analysis, which was mainly based on theoretical models. The terms included in the external GEB are thoroughly explained in Payri et al. 11 Unlike the terms involved in the external GEB, those related to the internal GEB cannot be easily measured, except the indicated power that can be obtained from in-cylinder pressure. Thus, to obtain an accurate estimation of the rest of the terms, several submodels 8 were necessary in combination with the available experimental in-cylinder pressure. As stated, these submodels are included in CALMEC. These terms are also thoroughly explained in Payri et al. 11 Experimental and theoretical tools
Experimental setup
Light-duty diesel engine. A production GM 1.9-L diesel engine was used in this research. The four-cylinder engine uses a common-rail fuel injection system and a variable geometry turbocharger (VGT). The engine has four valves per cylinder, centrally located injectors, and a re-entrant-type combustion chamber. The SR can be varied from 1.4 up to 3 by changing the position of a swirl flap. All relevant engine data are given in Table 1 .
The engine was set up to meet EURO IV emission regulations.
Test cell instrumentation. The most relevant instrumentation of the test cell is presented in Table 2 , while the schema of the test cell can be seen in Figure 2 . The engine was directly coupled to an electric dynamometer that allowed controlling the engine speed and load. The installation also included complete instrumentation to measure different gas temperatures, pressures, and mass flows and liquid mass flows and temperatures.
Liquid temperatures were measured with resistance thermometers, which are more accurate than the thermocouples used to measure gas temperatures. Furthermore, 88 thermocouples were installed at different locations in the engine block and cylinder head in order to provide information regarding metal temperatures for the commissioning and validation of the lumped conductance model.
In-cylinder pressure was measured in each cylinder with Kistler 6125C10 glow-plug piezoelectric transducers and Kistler 4603B10 charge amplifiers. A crank angle increment of 0.5°was used for the in-cylinder pressure acquisition, which was performed with a commercial control and acquisition system DRIVVEN. Mean variables were acquired at a low sample frequency of 100 Hz using SAMARUC, a CMT-developed test system that collects the signals of different sensors and controls the electric dynamometer. 12 Instrumentation for wall temperature measurement. As stated, engine cylinder head and liner were instrumented with 88 K-type thermocouples. A total of 54 of them were installed in the cylinder head, distributed on two sections perpendicular to the cylinder axis and located 4 and 7 mm above the firedeck. The other 34 thermocouples were installed in the cylinder liner, at 1.3 mm from the internal liner surface and different positions along the piston stroke. Thermocouples were inserted through holes drilled directly in the engine structure.
The locations of the thermocouples in one cylinder can be seen in Figure 3 . In Figure 3 (a), the distribution of thermocouples in the firedeck is shown. All thermocouples are located at the two stated planes (at 4 and 7 mm), and both planes at each cylinder have the same thermocouple distribution. In the cylinder liner, thermocouples were arranged along a vertical line, as seen in Figure 3 (b). In each cylinder, there are four vertical lines of thermocouples separated 90°from each other. Not all lines had four thermocouples, and there are more of them close to cylinder top than near the bottom. Top area was considered more interesting because it has a longer exposure time to chamber gas. Signals from the thermocouples were acquired by two data loggers.
0D model thermodynamic model (CALMEC)
CALMEC 8 is the thermodynamic tool used to perform the combustion analysis; it calculates the instantaneous evolution of in-cylinder properties of the gas, and it models the internal energy terms. The model considers all the relevant engine subsystems through the combination of both physical and semi-empirical submodels 8, 13, 14 to calculate the HT to combustion chamber walls and ports, along with mechanical loss split. The following are the main assumptions in this model:
Chamber pressure and temperature are assumed to be spatially uniform. Three species (air, fuel vapor, and stoichiometric combustion products) are considered. 15 Ideal gas law is used to calculate the mean gas temperature.
A filling and emptying model is used to calculate the trapped mass. 16 Specific heat of the gas depends on both temperature and composition. 17 Blow-by model is based on the evolution of the gas in an isentropic nozzle. 16 Chamber volume deformation is calculated by means of a simple deformation model. 14 HT to the chamber walls is calculated with a modified Woschni-like model. 13 A lumped conductance model was used to calculate wall temperatures in the chamber and ports along with the heat rejection to coolant and oil. The model consists of 102 nodes in the cylinder head, 66 in the liner, 10 in the piston, and some boundary nodes that take into account the oil, coolant, fresh air, in-cylinder gas, and intake, and exhaust gases. More details of this lumped model can be found in Jia et al. 7 
Results and discussion
In this section, the experimental and modeled results, along with the discussion regarding the swirl effect on energy balance and HT, are presented. Graphs show mostly experimental results, provided that they are available (external thermal flows and wall temperature). Modeled results will be discussed when experimental results are not available (HT to the chamber walls). To assess the swirl effect, the study was carried out at two different operating points (k-points), as described in the next subsection.
Engine operating conditions
Two k-points were chosen as being representative of the New European Driving Cycle (NEDC). These kpoints will be named using a composition of two figures: the first one is the engine speed (rev/min), while the second one is the brake mean effective pressure (BMEP; bar), thus having engine speed at BMEP. Their most significant variables are shown in Table 3 . As stated, they correspond to two almost extreme loads at 2000 rev/min. SR varied from 1.4 to 3 in four levels (1.4/2/2.5/3). Hence, the complete test matrix is composed of (2 kpoints) 3 (4 SR) 3 3 repetition of each point.
To isolate the effects of the swirl variation, all engine parameters except SR were kept constant. Therefore, swirl sweeps were performed with the same intake temperature (45°C) and trapped mass at the intake valve closing (IVC), as well as the same combustion phasing (CA50 = 13°after top dead center (aTDC)) and the injected fuel mass. Intake pressure was adjusted at each swirl level to obtain the same inlet mass flow. Furthermore, coolant (85°C) and oil (95°C) temperatures were kept constant in all the tests, thus avoiding interferences in the heat fluxes and friction losses when the swirl sweeps were performed.
With respect to the injection strategy, it consists of two pilots and one main injection. Pilot quantities (1.5 mg) and dwell times (0.8 ms) were kept constant for all the points. To ensure a stable thermal behavior of the engine, stabilization periods between 20 and 40 min were required. It was assumed that thermal stabilization was reached when the temperature variation rate of all the liquids (coolant, cooling water, and oil) was lower than 1°C/min.
External energy balance at low swirl conditions
The analysis starts with the external energy balance of the two k-points with the lowest SR (1.4), used as reference points. Their energy split is shown in Figure 4 , where the power of the different energy terms is plotted at the left hand and their relative percentages of the total fuel energy at the right hand. The nomenclature of the different terms is as follows: N b is the brake power calculated from the experimental torque; Q cool is the heat rejection to the coolant; Q oil is the heat rejection to the oil; Q a is the heat rejection in the intercooler, measured in the respective coolers; H g is the sensible enthalpy of the exhaust gases (calculated after the turbine of Figure 3 ); and Q misc is a miscellaneous term that is mainly composed by heat rejection to the ambient and the energy unbalance due to the experimental uncertainties. As shown at the left, the two k-points have very different values in power terms, being the fuel power 50 and 143 kW, respectively.
The change in injection and air management settings at different loads leads to important differences in the energy repartition. One of the most evident changes is the heat rejection reduction. Thus, in relative terms, the total HT to coolant and oil decreases with load (25.4% vs 23.8%). This trend is in agreement with the expected behavior: increasing the load leads to higher gas temperature in the chamber and thus increasing the chamber heat rejection in almost 2.5 times. However, the higher load leads to a fuel power increase of about 2.85 times from BMEP = 5 bar to BMEP = 20 bar. Hence, the relative importance of HT diminishes by 3.5% of the fuel energy.
One of the consequences of the lower heat rejection in the chamber, along with the lower mechanical losses (in relative terms), is the higher brake efficiency at the high-load k-point in comparison with the lower load conditions (39.4% vs 36.8%), as usual in Diesel engines, where the maximum efficiency is usually located near the full-load conditions.
The changes in the air management settings directly affect the HT in the intercooler, which shows an important increase from 1.4% to 5.3% of the fuel energy. This is a direct consequence of the higher boost pressure reached at high load (2.29 bar vs 1.36 bar at low load). If exhaust gas sensible enthalpy is analyzed, despite the higher exhaust temperature (470°C vs 316°C) due to higher fuel-to-air ratio, combustion duration, and the higher gas flow, it shows a reduction (1.6%) when the load increases.
Finally, the miscellaneous term tends to diminish with load, mainly due to the reduction in the heat rejection to ambient (both coolant and oil temperatures and thus block temperature were kept constant) and the lower experimental uncertainties when measuring and computing (using fluid flow rates and temperatures) the thermal flows.
Once the external energy balance has been discussed, the variation of the energy terms due to swirl changes will be evaluated, taking as reference the results at this low swirl. First, the brake efficiency term and the subterms affecting this parameter will be dealt with. Then, the focus will be on the heat rejection issue, analyzing the heat loss to the different engine parts, completing the analysis with the study of the wall temperatures. Figure 5 shows the variation of brake efficiency, along with the parameters affecting it, in the SR sweep of the two analyzed k-points. In the two cases, increasing SR led to a brake efficiency worsening at the highest swirl level (22.3% and 25.1% at low and high loads, respectively). The trend with the SR is monotonous at high load, while at 2000@5 there is a maximum at the intermediate level (SR = 2). Although the small difference with the reference SR ( \ 0.1%) can be affected by the experimental uncertainties, this trend has also been observed at other operating points at low engine speed (not included in this work for the sake of brevity) and it is also in agreement with the gross indicated efficiency (h i ) which also shows a small increase at the intermediate level, SR = 2. Thus, it can be concluded that increasing swirl at low load up to a certain SR (2 in this case) can have a slightly positive effect on brake efficiency.
Brake and indicated efficiency
As equation (1) shows, brake power (N b ) is the difference between gross indicated power (N i ) and mechanical losses, that is, pumping (N p ), auxiliary (N a ), and friction losses (N fr ), and thus, its behavior can be analyzed taking into account these terms
Regarding the gross indicated efficiency, its qualitative trend is the same as observed in the brake efficiency; thus, there is a progressive diminution of h i when swirl increases at high load (maximum variation of 21.2%) and also at low load (maximum variation of 20.4%) for SR higher than 2. The indicated efficiency changes can be explained taking into account the variation of the shape of the RoHR and the heat rejection to chamber walls described in the following sections. Thus, it seems that the HT increase at higher SR is compensated in the case of low load with the combustion enhancement at the intermediate level, SR \ 2, while at high load, both HT increase and combustion worsening (see the next section) reduce the gross indicated efficiency.
Contrary to the gross indicated and brake efficiencies, Figure 5 shows that pumping losses always increase continuously when SR becomes higher. This can be explained taking into account that SR is modified by closing a valve located upstream of the helical port. This increases the restriction to the intake airflow, leading to a higher pressure drop. Hence, a more closed VGT position is required to reach the required boost pressure to maintain the same intake mass as when it is open (SR = 1.4). As a consequence, pumping losses increase between 1.4% at low load and 3.7% at high load, thus becoming a key issue, especially at high load.
For the sake of brevity, auxiliary and friction losses have not been plotted separately, but the sum of both terms remains almost constant when the swirl is modified. This behavior can be explained taking into account that auxiliary losses depend on fuel, coolant, and oil pump power, 6 which do not change since the engine speed, injection pressure, coolant mass flow, and oil pressure were kept constant. However, the oil temperature was also maintained, and no important effect on engine friction took place when swirl increased.
According to the analysis, it can be concluded that brake efficiency reduction at high SR was governed by gross indicated efficiency and pumping losses. Since both of them showed a negative behavior for SR higher than 2, the brake efficiency decreased in all the cases. For moderate swirl levels up to SR = 2, it was found that a small benefit can be obtained in both indicated and brake efficiency at low load, while the indicated efficiency deterioration and the higher pumping work diminishes continuously the brake efficiency when SR becomes higher at high load.
RoHR and in-cylinder pressure Figure 6 shows the temporal evolution of the simulated injection rate, the in-cylinder pressure, and the RoHR for both operating conditions. In general, it is well accepted that an increase in SR promotes a more efficient air-fuel mixing by increasing the turbulent effects in the combustion chamber during the combustion process. In this sense, considering RoHR profiles in Figure  6 (left; low-load case), it is possible to state that the higher the SR, the higher the peak of RoHR as well as the sharper the slope of the main injection combustion profile. Nonetheless, when the engine load is increased, the combustion scenario changes, and the impact of a higher SR on RoHR is completely different.
An increase in engine load implies a larger injection process. In this sense, the high rotation air movement induced by high SR enhances the interaction between sprays which leads to a local enrichment of the air-fuel mixture and therefore a deteriorated combustion process. 18 In addition, De la Morena et al. 19 using computational fluid dynamics (CFD) calculations in a similar engine platform found that high SR pushes combustion process toward the squish region at high load, limiting the spray tip velocity and penetration. Thus, the spray is deflected toward the fire deck, preventing it from efficiently entraining fresh air in the piston bowl. These two mentioned phenomena can explain a lower RoHR peak when SR is increased at high load, as presented in Figure 6 (right). In this sense, a higher SR implies larger combustion duration with larger CA90 and similar ignition delay as it is shown in the left part of Figure 7 . It is worth to mention that no injection optimization was performed, and thus, taking into account the interaction between injection and swirl, it is possible that this effect can be lower with a proper injection optimization, which is out of the scope of this article.
HT analysis
As a consequence of the described trends of the RoHR and in-cylinder pressure, the gas temperature in the chamber is also affected by the swirl change (right part of Figure 7) . Thus, the global trend to enhance the combustion at low load leads to a slightly higher peak temperature, while it diminishes at high load due to the combustion worsening. During the last part of the combustion and the expansion, temperatures do not show a clear trend at low load, and thus, the exhaust temperature at the turbine inlet changes less than 10°C. However, the much longer duration at high load led to increasing temperature in the chamber at the end of the expansion when SR became higher. As a result, the exhaust temperature increased in this case to about 50°C.
Apart from the temperature, the big issue when SR increases is the change in the convective HT. It increases due to the air velocity increment, leading to higher HT to the chamber walls in both analyzed operating conditions, as shown in the bottom-right part of the Figure 7 . This effect can be clearly seen close to the heat rejection peak (about 15°aTDC), where the effect of higher pressure and gas velocity is more evident.
In order to perform a detailed analysis of the heat flux split in the chamber, the modeled heat rejection to cylinder head, cylinder liner, and piston (based on the modified Woschni-like model of CALMEC) is shown in Figure 9 . It can be observed that all these HT terms increased with swirl as a consequence of the higher air velocity and changes in temperature: about 0.8% of HT to cylinder and cylinder head and 1.2% to the piston, obtaining no clear differences between both operating conditions. However, HT to ports rose about 0.3% at low load and 1.3% at high load due to the stated changes in the combustion process and, thus, in exhaust temperature.
Since changes in auxiliary and friction losses, responsible for a portion of the HT to coolant and oil, were almost negligible, the variation in the modeled HT terms should be translated to the external HT terms experimentally measured. In order to crosscheck the modeled results with the experimental HT, heat rejection to coolant and oil is presented in the right part of Figure 8 , where it can be seen that both terms tend to increase when SR became higher.
Global behavior of experimental HT to coolant was similar for the two k-points: it went up about 2% if maximum and minimum SRs are compared. This variation is in good agreement with the detailed HT split in the chamber described, thus coolant variation slightly higher than the addition of HT to cylinder head, cylinder, and ports.
Regarding HT to oil, a global trend to increase about 1% can be seen when extreme SRs are analyzed. The main components of this term are friction, which hardly changed, and HT to piston, which increases about 1% of the fuel energy, as shown in Figure 9 , whose main operating conditions are shown in Table 3 . At the intermediate SR levels, there is not a clear monotonous behavior, in particular at the low-load operating conditions. As analyzed below, no evidence has been found to conclude that it is due to changes in the incylinder conditions, and thus, it is assumed that the experimental uncertainties become important in this case. It has to be taken into account that although the whole analysis is being performed in relative terms with respect to fuel energy, the differences in experimental HT to the oil are close to 400 W at low load. This is one of the reasons to combine internal and external analysis in order to clarify some uncertain trends.
When the total HT to coolant and oil is analyzed, a clear increasing trend is obtained. Comparing modeled HT terms (left part of Figure 8 ) and experimental variations (right part of Figure 8 ), it can be concluded that they are in good agreement although the model slightly overestimated the effect of swirl on the HT (3.5%-4% vs 2.5%-3%).
Wall temperatures. The analysis of SR effect on HT is completed analyzing the changes in local temperatures. For this purpose, two kinds of analyses have been performed. On one hand, the effects of SR on a selected measured temperature in the liner and in the cylinder head are described. On the other hand, temperature maps were calculated through linear interpolation and extrapolation from the measured temperatures in both the liner and the cylinder head, thus allowing the spatial analysis.
In Figure 9 (left), the temperature distribution at a section of the cylinder head located at 4 mm above combustion chamber can be seen for the 2000@5 k-point at SR = 3 (maximum), whose main operating conditions are shown in Table 3 . As observed, the inner part of cylinder head is hotter than the outer area. Besides, as expected, the exhaust side is a bit hotter than the intake side. However, the complete liner is represented in Figure 9 (right) at this point. Temperature gradients can be observed in two directions, axial and radial, the axial one being the most important due to the longer contact time of the liner top with the chamber gases.
Single-location measurements. Temperature variation with SR from a single thermocouple in the cylinder head is shown in Figure 10 (left). While in Figure 10 (right), the temperature difference with respect to the minimum SR is presented. In both cases (low and high loads), the trend is similar: the higher the SR, the higher the wall temperature, but the overall increment is lower in the case of lower load (4°C vs 8°C). Temperature increase with SR can be explained by both the increase in the HT coefficient and the temperatures changes, already discussed.
In the case of the liner (Figure 11 ), similar trends are observed, that is, an increase in temperatures with SR but, as expected, with a lower temperature increment with SR. In this case, a temperature increment of approximately 1°C has been observed for the SR variation. This lower temperature variation is explained by the low contact area between the liner and the gas when the piston is close to TDC. Distribution map and local variations. Since the trend of SR on temperatures is similar on all the measured points, a comparison map between the obtained temperature maps for the maximum tested SR minus the temperature map for the minimum SR at the same operating point is plotted. Figure 12 shows the effect of SR on a spatial distribution of the temperature in the cylinder head while Figure 13 in the liner.
From Figure 12 , it is clear that swirl induced considerable temperature variations. These variations are more noticeable at the cylinder head center and at the high-load point. On one hand, the effect at the center is higher since the thermal gradient seems to be quite radial, and since coolant temperatures were kept constant, the effect of a higher heat flow (that depends on SR) led to higher temperatures on the center. Besides, the load implies a higher gradient on the cylinder head, and therefore, this effect is magnified with SR.
In the case of the liner, and for the two operating conditions analyzed, the temperature differences with SR shown in Figure 13 are very small, and therefore, it is difficult to observe clear trends related to location. Only three statements can be made: temperature variations are generally larger on the cylinder top, swirl produces a temperature increase there, and both effects are clearer on the higher load point.
Conclusion
A comprehensive analysis for determining the effect of the SR on the most important engine parameters has been performed using both experimental and modeled results. These two tools allowed performing a global analysis of the energy flows on the engine by means of a clear methodology. The following are the main conclusions of this work:
In general, the higher the SR, the worse the brake and gross indicated efficiency. However, this trend is not clear at low load and intermediate SR.
The difference between the observed trends in brake and indicated efficiency has been justified by the pumping losses, which have a key role when SR increases. The two main factors that affect engine efficiency have been identified: HT and changes in the RoHR. SR increases HT due to higher gas tangential velocity, which leads to a higher HT coefficient. The relative effect is similar in piston, cylinder head, liner, and ports, increasing about 1% of the fuel energy in each of them when SR increases from 1.4 to 3. During the first combustion stage, RoHR was enhanced when swirl increased due to the better mixing promoted by the higher air velocity. However, the maximum combustion rate was affected in different ways depending on load: it increases at low load but decreases at high load. Combination of both effects (HT and RoHR effects) led to justify the unclear trend of gross indicated efficiencies at intermediate SR.
Wall temperatures have been affected due to the effect of SR on HT, that is, the higher the SR, the higher the wall temperatures. This effect is higher at high load.
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